The expected increase in precipitation and temperature in Scandinavia, and especially short-time heavy precipitation, will increase the frequency of flooding. Urban areas are the most vulnerable, and specifically, the road infrastructure. The accumulation of large volumes of water and sediments on road-stream intersections gets severe consequences for the road drainage structures. This study integrates the spatial and temporal soil moisture properties into the research about flood prediction methods by a case study of two areas in Sweden, Västra Götaland and Värmland, which was affected by severe flooding in August 2014. Soil moisture data are derived from remote-sensing techniques, with a focus on the soil moisture-specific satellites ASCAT and SMOS. Furthermore, several physical catchments descriptors (PCDs) are analyzed and the result shows that larger slopes and drainage density, in general, mean a higher risk of flooding. The precipitation is the same; however, it can be concluded that more precipitation in most cases gives higher soil moisture values. The lack, or the dimensioning, of road drainage structures seems to have a large impact on the flood risk as more sediment and water can be accumulated at the road-stream intersection. The results show that the method implementing soil moisture satellite data is promising for improving the reliability of flooding.
Introduction
Global warming is now proceeding faster than ever before, most likely as a result of increased pressure from human activities. The EU Green Paper report (European Commission 2007) identified Scandinavia as one of the most vulnerable areas to climate change associated with global warming, due to the large increases in precipitation which are to be expected. Precipitation patterns in Sweden are predicted to change during winter, spring, and autumn (Holgersson et al. 2007) . Climate change will most likely increase the frequency of intense short-term precipitation events, which would have consequences for runoff in urban areas considering the large areas of impervious surfaces which they contain, which limits infiltration capacity (Bates et al. 2008; Lenderink and van Meijgaard 2008; Olsson and Foster 2013) . The increase in runoff for Scandinavia and Sweden is projected to be around 20% more by 2090 compared with 1980 -1999 (Bates et al. 2008 .
The development of floods depends on several factors, including precipitation patterns (intensity, volume, and timing), drainage basin conditions (morphometry and soil characteristics), wetness, urbanization, and the presence of embankments, reservoirs, and dams. A lack of response areas and human activities on floodplains further enhances the risk of flood damage. Flooding risk is also dependent on the degree of saturation. Changes in precipitation and evapotranspiration rates modify the soil moisture content, which in turn changes the infiltration, groundwater recharge, and runoff ratios (Nigel et al. 2001) . Several studies have concluded that the initial soil moisture conditions can explain the difference between minor and major flooding effects (Berthet et al. 2009; Brocca et al. 2008; Crow et al. 2005) . Accurate and timely data on soil moisture content are thus essential for enhanced flood prediction (Kerr et al. 2010) .
Studies show that climate change has, most likely already, had an impact on the intensity and frequency of floods (Bates et al. 2008) . Twice as many flood events per decade occurred between 1996 and 2005 compared with 1950-1980 , with an associated fivefold increase in economic losses (Kron and Berz 2007) . This is mainly due to population increase, economic growth, changes in land use, and development in vulnerable areas (Kron and Berz 2007) .
Some studies have concluded that climate change will have significant impacts on the road infrastructure in Scandinavia and also in other countries (Bates et al. 2008; Holgersson et al. 2007; Kalantari and Folkesson 2013) . Road infrastructure is affected by high stream flows, precipitation, temperature, sea-level rise, wind, and ice coating. Furthermore, prolonged precipitation can raise the groundwater level, increase the pore pressure in the soil, and hence affect slope stability. The impacts on low-lying roads, underpasses, and culverts become more problematic (Nordlander et al. 2007 ) with an increased risk of erosion and high flows. This is particularly problematic considering that current Swedish infrastructure is not designed to accommodate predicted future changes in the climate (Kalantari et al. 2014; European Commission 2007) . While some drainage facilities (e.g., bridges and culverts) in Sweden have been dimensioned for 50-year flows (Vägverket 2002 (Vägverket , 2008 , most of the existing roads was constructed before the need of climate change adaptation in the transport sector was realized. When potential changes in climate (Vägverket 2008 ) have been taken into consideration, the adjusted dimensioning has rather been using simple static correction factors and lacks predictive capabilities representable for land-use changes and climate change conditions (Kalantari et al. 2015) . In addition to climate change, the growth in population and economic wealth place further demands on the urban landscape, since it often requires infrastructures to expand in risk prone areas (Suarez et al. 2005) .
There is an additional cause for concern due to the adverse effects of environmental changes to urban areas and urban infrastructure because of their associated long lifetimes and high investment costs (European Commission 2007; Kalantari and Folkesson 2013) . Urban expansion close to coastal areas and watercourses further increases the risk of flooding (Holgersson et al. 2007 ). Moreover, road infrastructure also has an impact on the hydrological response, with consequences for drainage patterns and the natural landscape (Tague and Band 2001; Wemple et al. 2001) . Consideration of urban areas in flood prediction research is, therefore, paramount, especially considering a projected increase of urban areas and their associated impermeable surface Brimicombe 2009; Olsson and Foster 2013; Vägverket 2008; Karlsson et al. 2017) .
Mass movement of water and sediment can also cause damage to drainage structures. Problems occur when roads cross a catchment and the upstream watercourses are concentrated in a single drainage facility (e.g., a culvert or pipe) to pass under the road. This concentration of runoff modifies the normal flow and leads to increased erosion over a large distance if the stream bed is not adapted to these altered hydraulic conditions. If the runoff exceeds the capacity of the drainage facility, the road will act as a dam and induce flooding (Brencic et al. 2009 ). Therefore, it is essential to identify road-stream intersections that are at risk of future flooding. Only a few studies so far have focused on assessing road flood risks over large scales using Geographic Information System (GIS) mapping and integration of key landscape characteristics such as topography, land use and soil data, road characteristics, and landscape morphology (Kalantari et al. 2014 Michielsen et al. 2016) .
In this study, we investigate the potential to use spatial and temporal soil moisture distribution and other key landscape characteristics as defined by Michielsen et al. (2016) and Kalantari et al. (2014) to develop a method for the identification of flood-prone areas. As a proof-of-concept, the data-driven method developed was applied to the identification of critical road-stream intersection sites within two case studies located in south-west Sweden. Development of such a method can be helpful for optimal flood management, since it helps to increase awareness among decision makers [e.g., Swedish Transport Administration (STA)] when planning maintenance and promoting solutions for preventing the risk of flooding. The primary area of application of the presented method would be for identifying the most critical points along roads that have a high risk of flooding. Once the location of these critical points is known, protection and monitoring actions can be established.
Soil moisture and remote sensing
The soil moisture content differs vertically and horizontally and, therefore, varies with soil volume. This is highly relevant for the choice of the measurement method, as some approaches might only provide estimates of the top few centimeters, as is the case with remote-sensing technology (Seneviratne et al. 2010 ). Thus, near-surface soil moisture and volumetric soil moisture content, i.e., the ratio between the volume of water and volume of soil (unit m 3 /m 3 ), is most commonly used in remote sensing (Kerr et al. 2010) .
Soil type, landscape characteristics, and atmospheric variables are the main controls of the spatial and temporal variability of soil moisture (Barrett and Petropoulos 2012; SMAP 2017) . Parameters that affect soil moisture change in response to precipitation input are, for example, soil texture (especially particle size), which determine the water-holding capacity of the soil. Other landscape characteristics that affect the response are soil depth, underlying bedrock, slope, and altitude relative to the surrounding landscape (Kalantari et al. 2014; Petropoulos et al. 2013) .
Passive and active microwave sensors have been identified as the most consistent providers of temporal and spatial retrieval of soil moisture data (Barrett and Petropoulos 2012) , although certain limitations occur. Passive sensors are affected by cloud cover, which is a frequently occurring situation during flood events. Cloud removal methods must thus be applied to obtain any useful data. However, passive sensors have been used in several flood studies, due to other advantages like abundant spectral features of multi-spectral imagery with long temporal availability, which is suitable for evaluating long-term effects of flooding (Zhang et al. 2014) . Active sensors have the ability to penetrate clouds and thus derive information during precipitation events, but the long revisit time restricts the use of rapid responses. However, several active sensors with higher temporal and spatial resolution have been launched (e.g., COSMO-SkyMed, TerraSAR-X, and Envisat ASAR), thus enhancing the conditions for effective flood monitoring (Pierdicca et al. 2013; Pulvirenti et al. 2011; Zhang et al. 2014) . The retrieval of soil moisture data depends on large differences between the dielectric constant of water and dry soil, as the soil moisture content influences the soil electrical permittivity (Pierdicca et al. 2013) .
The spatial and temporal heterogeneity in soil moisture content limits the ability to measure soil moisture accurately over large areas. During recent decades, several approaches using satellite-based remote sensing to estimate soil moisture content have been developed in an attempt to overcome this issue. Typically, remotely sensed soil moisture estimates are based on measurements using the microwave, SAR, optical, or thermal infrared (TIR) sensors (Barrett and Petropoulos 2012; Kerr et al. 2010) . Moran et al. (2004) evaluated the spectral measurements for surface soil moisture and compared optical, microwave, and synthetic aperture radar (SAR) approaches. Optical sensors and thermal imaging radar (TIR) have fine spatial resolution and cover large areas, and there are several satellite sensors available. However, the penetration of the surface is minimal (~ 1 mm), and cloud cover and vegetation block the measurements, making the relation to soil moisture weak. Microwave sensors show a strong relationship to soil moisture data retrieval, penetrate the surface down to 5 cm, have broad coverage, and are not affected by cloud cover. However, the coarse spatial resolution is a disadvantage, together with disturbances primarily from vegetation and surface roughness. Synthetic aperture radar (SAR) was until recently limited by a coarse revisit time, but, with the development of different sensors, high temporal frequencies are now possible, together with fine spatial resolution. SAR has a suitable penetration depth of 5 cm, is not affected by clouds, and shows a strong relation to soil moisture. As with microwave sensors, the disturbances are from surface roughness and, to some extent, vegetation (Moran et al. 2004) .
Commonly, sensors capturing the C-band (4-8 GHz) and the L-band (1-2 GHz) are used for soil moisture estimations. While both have been successfully implemented (e.g., Pierdicca et al. 2013; Gruber et al. 2013; Albergel et al. 2012; Entekhabi et al. 2010) , the previous studies have shown that the L-band is more suitable due to its low sensitivity to vegetation and greater penetration into the soil (Kerr 2007) . SAR, on the other hand, have an equal capacity as microwave sensors for soil penetration (5 cm) and has the ability to penetrate clouds. Moran et al. (2004) thus concluded that soil moisture products based on SAR often is preferred over those based on the microwave.
Hydrological applications require good temporal resolution, as the revisit time limits the ability to use soil moisture data in operational flood forecasting models if the data are not available when needed. Many of the current sensors allow retrieval of data over around 10-35 days, which might not be adequate for applications in hydrology (Table 1 ) (Kornelsen and Coulibaly 2013; Moran et al. 2004) .
The major advantage of SAR sensors when working with soil moisture is the fine spatial resolution, which should be set in relation to the low temporal and radiometric resolution. This has resulted in the development of platforms like SMOS, SMAP, ASCAT, and AMSR-E as a complement with lower retrieval error, near real-time capabilities, and 1-3 days temporal resolution, but coarse spatial resolution ( Table 2 ). The coarse spatial resolution is a disadvantage when applying the method in local areas, but this can be outweighed by the temporal resolution of a few days and the opportunities for near real-time applications. The ASCAT sensor was the first with near real-time capabilities and data can be provided 130 min after retrieval, which enhances the ability to monitor flooding as it occurs (Albergel et al. 2012; Brocca et al. 2017) . The need for finer spatial resolution has prompted work to disaggregate large-scale products to enable usage in small-scale catchments, where the disaggregation of the ASCAT 25-km resolution product to a 1-km product is one option . The satellites identified as most suitable for the aim of the study were the ASCAT sensor, for which both the 25 km spatial resolution product and the 1-km product were assessed, and the SMOS satellite.
Remote-sensing methods have the advantage that it can provide soil moisture estimates over large areas at a global scale. Coarse spatial and temporal resolution, along with limited depth signal penetration (i.e., the thickness of measured soil), might, however, be obstacles in hydrological applications. Another issue of some sensors used for remote sensing of soil moisture is that the signal may be blocked by cloud cover. This is a clear limitation in applications related to flood events and their associated precipitation. Even so, satellite-based estimates may still provide important information in regions where adequate monitoring of hydrological parameters is lacking ).
Data and methodology
In the following, we provide a step-by-step description of the method applied for the identification of flood-prone areas along transport infrastructure. The study areas were selected identifying flooded and non-flooded points. The method comprises four steps for each point and its corresponding catchment: (1) data collection of physical catchment descriptors (PCDs) representing land use, soil type, topography, and road characteristic from the previous studies done by Kalantari et al. (2014 Kalantari et al. ( , 2017 and Michielsen et al. (2016) ; (2) data collection and calculation of precipitation data; (3) calculation of soil moisture from specific satellites ASCAT and SMOS; (4) analysis of PCDs, precipitation, and soil moisture patterns and their relation to flooded and non-flooded points along transport infrastructure. 
Case studies
The western parts of Sweden have been identified as being especially prone to increased runoff (Holgersson et al. 2007) , and in 2014, this region was affected by severe flooding, with major consequences for Västra Götaland and Värmland Michielsen et al. 2016) . Given the availability of data and information on this event, the areas of Västra Götaland and Värmland were chosen as case studies for this work (Fig. 1) . Västra Götaland has been identified as prone to flooding due to a future increase in precipitation and its history of intense short-term precipitation events (Holgersson et al. 2007 ). An example of such an event was when a heavy rainfall hit the area on the 19-20 August 2014 and caused multiple floodings. These floodings had severe consequences on roads, railways, buildings, and local people, owing to traffic delays, pressure on other modes of transportation, and electricity problems (Bohusläningen 2014-08-21; SVT 2014a, b) .
Värmland was affected by severe flooding a few days later from the 21-25 August 2014, which mainly had consequences on the road infrastructures. The E18 highway close to Kristinehamn was closed as nearly 100 mm of precipitation fell in a short time during the night between 20 and 21 August (Sveriges Radio 2014). Several other areas around Kristinehamn, Karlstad, and Ölme were also affected by large amounts of water that damaged the road structure, drainage facilities, and drinking water reserves. Roads collapsed and all road and train traffic was interrupted, including both local and long distance trains (Nya Kristinehamnsposten 2014).
Data inventory
The soil type in Västra Götaland is characterized as rock (35%) and clay (33%), and forest is the main land use in the area, followed by agriculture (Fig. 2) . In urban areas, the soil type is mainly clay or glacial till, and there are also large amounts of clay soils alongside roads. Impervious surfaces together with clay result in more runoff compared to the runoff in forest areas which has a larger capacity to restrain water. Several of the flooding-prone areas are also located close to agriculture, which might alter the flow path of the water. The soil type in Värmland is mainly till (21%), clay (14%), and rock (15%). The land use is mainly characterized by forest and agricultural areas, with urban areas represented by the larger cities of Karlstad and Kristinehamn (Fig. 3) . The glacial till or sandy soils dominate in urban areas, which, to some extent, allow better drainage of water than clay. However, large amounts of impervious surfaces increase the surface runoff.
The precipitation data in the case study areas were collected from two different sources: the ground station measurements of two stations in each area (SMHI 2017a) and radar measurements from the NORDRAD project (Berg et al. 2016) . The radar data have a spatial resolution 2 × 2 km and temporal resolution of 15 min at ten different tilt angles.
The present analysis is based on the previous research in the field by Kalantari et al. (2014 Kalantari et al. ( , 2017 and Michielsen et al. (2016) , and the same case study areas were used. In addition to the soil moisture and precipitation values, a number of characteristics of the catchment area (land use, soil type, and topography) and of roads called physical catchment descriptors (PCDs) were used. In total, 17 PCDs were considered (see Table A and B in the supplementary material) following from Kalantari et al. (2014 Kalantari et al. ( , 2017 and Michielsen et al. (2016) . All calculations and maps were made in Matlab and ArcMap 10.4.
An inventory of road drainage structures in flooded parts of the case study areas was made using the STA database BaTMan. This database manages, monitors, and provides information about bridges, tunnels, and other road-related constructions, although constructions with less than 2-m span width are not included in BaTMan (Trafikverket 2015) . Google Maps (CNES, Airbus kartdata 2017) (accessed 2017-05-02) was used to complement with drainage structures at locations where no culverts or bridges are registered in BaTMan (see Fig. 1 or supplementary material C for all results).
Satellite data
Several satellites have the ability to provide soil moisture values. However, hydrological applications, especially soil moisture extraction, require a temporal resolution of a few days, which limits the number of suitable satellites. The requirement for soil moisture observations is a soil moisture accuracy of 0.04 m 3 /m 3 or, better, a spatial resolution of less than 50 km (preferably lower). A revisit time of 1-2 days is optimal to determine soil moisture properties and a reasonable time acquisition is required (Kerr et al. 2010 ). All satellite data tested here are listed in Tables 1 and 2 . The satellites identified as most suitable for the aim of the study were the ASCAT sensor, for which both the 25 km spatial resolution product and the 1-km product were assessed, and the SMOS satellite.
ASCAT
The ASCAT satellite is an active microwave sensor and measures in C-band. The high temporal resolution of approximately 1.5 day, the multi-angle capability, the continuous measurements, and the near real-time capabilities (130 min after retrieval) of the ASCAT sensor make it the 533 Page 6 of 17 most suitable satellite for monitoring soil moisture changes (Brocca et al. 2017 ). The two swathes of the satellite result in a daily global coverage of approximately 82%. An estimation of the water saturation of the topsoil layer is presented The values are in decibels (dB) at 40° incidence angle and vary in time and space. This degree of saturation can be transformed to volumetric soil moisture content Θ by adding the soil porosity φ to determine values with units m 3 m − 3 :
The dielectric constant of soils increases with soil moisture content, and thus, the backscatter can be measured. The algorithm used is the TU-Wien change detection model, retrieves relative changes in soil moisture, and indirectly takes land cover and surface roughness into account (Barrett and Petropoulos 2012; Wagner et al. 1999a, b) .
A small-scale surface soil moisture product with 1-km spatial resolution has been developed. This product is
disaggregated and re-sampled from the original 25-km product as a tool for hydrological processes and measures the top 0-2 cm of the soil. The conversion process includes a parameter database and a pre-computed fine-mesh layer that contains information about backscatter and scaling characteristics. This information is derived from finer resolution SAR images provided from Envisat ASAR while operating in ScanSAR global monitoring mode (Brocca et al. 2017; EUMETSAT 2017; Wagner et al. 2008 Wagner et al. , 2013 .
Temporal dynamics of the soil moisture are assumed to be similar across scales, which enables a linear model to be created for the relationship between regional and local-scale measurements, where soil moisture at 1-km scale can be derived from the 25-km product using the following where m 1km s is the estimated soil moisture at 1 km by the coordinates (x, y) and m 25km s is the 25-km soil moisture at time t. The coefficients c ASAR and d ASAR , which are the scaling parameters, are derived from backscatter time series from ASAR. Considering that the downscaling parameters provided by ASAR are static, i.e., the temporal information is still derived from the original 25 km product; the value of the 1-km product is not yet clear. Nevertheless, it enables interpretation of soil moisture information at much finer resolution, which makes it valuable in applications where the spatial distribution is more important than the temporal dynamics ).
SMOS
The SMOS satellite is a passive microwave sensor, measured in L-band and thus at lower frequencies, so it is expected that vegetation and other perturbation effects have less impact (Lacava et al. 2012 ). L-band measurements limit the atmospheric contribution, and cloud cover and atmospheric water have insignificant effects. In vegetated areas, the L-band is more sensitive to soil moisture than in higher frequencies. The SMOS satellite measures volumetric soil moisture in units m 3 /m 3 and has a temporal resolution of 2-3 days (Kerr et al. 2010; Seneviratne et al. 2010) .
The algorithm used is a function of the brightness temperature from modeling of the surface (including knowledge about soil texture and land cover) and actual angular measurements. The brightness temperature is used to derive surface soil moisture (EO 2017; Kerr et al. 2010; Leroux et al. 2014) . Large dielectric contrast can be identified between dry soil and water, and the soil emissivity depends on the moisture content (EO 2017). However, radio frequency interferences (RFI) can disturb and perturb the microwave emissions at some places and hence affect the retrieval of soil moisture data from SMOS (Albergel et al. 2012; Pierdicca et al. 2013) .
Results

Transport constructions and design
In Västra Götaland, four out of five of the areas affected by flooding in 2014 lack a large road bridge (supplementary material C). At Hogsbotorpsmotet, culverts can be identified through Google Maps, although no outlet of the four visible culverts can be seen. However, it is expected to exist. The only flooded location with a bridge is Säleby, while five of the non-flooded areas that are studied have a large bridge registered in the database. Of eight flood-affected areas in Värmland, six lack a large road bridge. Smaller culverts are visible at three of these locations, but with undetermined standard and size. At Ikea, a stone culvert that is somewhat overgrown can be identified from Google Maps. At the nonflooded reference points, seven bridges are registered in the database. All road drainage constructions can be seen in Fig. 1 .
In Kristinehamn, the locations Lagmansgatan, Östra Ringvägen, and Rådmansgatan, which are connected by the same watercourse, were severely affected by the 2014 flooding. In this area, upstream dams and passing storm water flows also had consequences, together with a culvert owned by the municipality upstream from the road E18 that had restricted flow (Styffe 2017-05-19) . Dimensioning of culverts upstream and downstream affects each other, and the occurrence and size of road constructions differ in this area. There are no large bridges or culverts at Lagmansgatan and only a small culvert at Kristinehamn E18 ( Fig. 1 and supplementary material C). The road bridge at Rådmansgatan, with 4-m span width, was built in 2012 but was flooded in 2014, which indicates inadequate dimensioning in the design. Östra Ringvägen is located farthest downstream and that road bridge had a 5-m span width. However, it was washed away during the flood event, and has today been replaced by a new one with double the dimension (SVT 2014a, b).
Radar measurement of precipitation
According to SMHI ground station measurements, the precipitation amount in Västra Götaland in August 2014 was 218 mm at Uddevalla station and 179 mm at Heden station. In the last 10 years of monthly precipitation, these are the highest recorded values. The precipitation was the highest on the 19th of August, which is the day that the flooding occurred, with an average daily precipitation of 31.6 mm for the two stations. The highest precipitation values was recorded in Uddevalla, with 49 mm on the 19th of August (SMHI 2017a). The precipitation in Värmland in August 2014 was 290 mm for Väse station and 168 mm for Kristinehamn station. The daily precipitation was 59.7 mm on the 22nd of August and 61.9 mm on the 23rd of August, which is more than the average monthly rainfall in the area (SMHI 2017a).
The radar measurements showed low precipitation in Västra Götaland during the day of the 19th of August, but started to increase around 17:30 and continued to fall heavily until 21:15. 
ASCAT and SMOS soil moisture retrievals
For the soil moisture values extracted from the satellites, a comparison to evaluate the data is presented in Fig. 4 .
Since the ASCAT soil moisture product is a degree of saturation representing a relative value of the driest and wettest conditions in each cell and the SMOS data set is volumetric soil moisture in m ASCAT 1km
SMOS
The ASCAT 1 km and the SMOS satellite missed data on some days, which explains the missing values in the diagram (Fig. 4) . Overall, however, the three different satellites followed approximately the same pattern. The most prominent feature was a rise in values after the high rainfall on the night between the 20th and 21st, which showed a high relationship between the satellites. The ASCAT 25 km and ASCAT 1 km are based on the same base data, since the 1-km product is a disaggregated version of the 25-km product. In a comparison between these two, the 1-km product had somewhat higher soil moisture values. Similarly, looking at all locations for 21 August in Värmland, the 1-km product had higher average soil moisture values (90.5%) than the 25-km product (79.6%) (all results can be found in Online Resource 4).
In the average values of ASCAT 1 km, Solberg had a relative soil moisture content of 100% in 11 out of 21 measurements (supplementary material E), which is questionable. It had 100% even on days with 0 mm of precipitation. The results for the 1-km product of Solberg were, therefore, excluded from average calculations. The location Karlabron also differed greatly from the rest, with extremely low values that were half the soil moisture values of the other sites, and it was, therefore, also excluded from average measurements considering the 1-km product.
Another factor affecting the choice of satellite is the amount of No Data. The SMOS satellite had a lot of No Data, with 52% missing values for Värmland and 56% for Västra Götaland. The ASCAT 1 km had 44% missing values during the dates of interest for Värmland and no values at all for Västra Götaland. This is due to the differences in temporal resolution and the disaggregating effects concerning the ASCAT 1-km product. Therefore, the ASCAT 25-km product was deemed most useful in this context.
The ASCAT 1-km product had no data for Västra Göta-land during the period of interest. This was most likely because of the closeness to areas of water (which are excluded) and due to the disaggregating effect when downscaling from 25 km to 1 km. Soil moisture information is only available if there is a sufficient temporal correlation between the local and regional backscatter information. The downscaling approach uses static parameters (from SAR data), and thus, the temporal variation of the 25-km product drives the 1-km product, and the soil moisture information is scaled down linearly for each grid point . The 1-km product is thus useful for spatial distribution at a higher spatial scale, but not sufficient when investigating temporal dynamics. The difference in spatial resolution can be seen in Fig. 5 , where the catchment of Östra Ringvägen is investigated in more detail.
The days before the flooding, Västra Götaland received some medium amounts of precipitation before the heavier precipitation on the 19th of August. The relative soil In general, the relative soil moisture content was much higher in Värmland than in Västra Götaland (supplementary material E). The flooding started on the 21st of August in Värmland, but the peak value of over 90% soil moisture (with ASCAT 25 km) occurred on the 19th of August in the area of Väse (Väse Gamla E18, Väsemotet, Silkesta, Sorkan, and Östervik, see Fig. 1) , and also at a location close to Kristinehamn (Östra Ringvägen). The soil moisture content was high in all areas on the 19th (average 85.2%), despite the fact that the precipitation was relatively low. Interestingly, several of the areas were not flooded despite the high soil moisture content.
Most precipitation fell on the evening of the 20th and the following night, with 59.7 mm at Väse and 21.1 mm in Kristinehamn, which corresponded with the higher values of relative soil moisture content on the 21st compared with the 20th. However, this was still lower than the 19th, although the high values might then have saturated the soil and enhanced the conditions for flooding on the 21st. Nevertheless, the high amounts of precipitation should have had a larger effect considering the much higher soil moisture values some days earlier with less precipitation.
The ASCAT 1-km product passes in both the ascending and descending phases, and, with its laterally directed antennae, measurements can be made several times a day. This is useful when examining how the relative soil moisture content changes during the day. The highest soil moisture content was recorded on the morning of the 21st of August, which correlates with the large amounts of precipitation that fell in the night between the 20th and 21st. The relative soil moisture content was, on average, 90.5% on the morning of the 21st. The soil moisture was generally lower later in the day, most likely due to evapotranspiration but also the precipitation patterns during the day. At some locations in Värmland, the soil moisture content increased in the evening due to increased precipitation amounts during the afternoon. However, the extremely large amounts of precipitation fell in the night, between the measurement at 18:57 on the 20th and the one at 08:45 on the 21st, which corresponds with the soil moisture increase between those measurements.
The pattern of soil moisture content in Fig. 6 is similar to the pattern of the 15-min precipitation data (Berg et al. 2016 ). Higher precipitation resulted in most cases in a larger increase in soil moisture. The exceptions were Solberg and Silkesta in Värmland, with over 40 mm of precipitation but a smaller increase in soil moisture, and Båthamnen in Västra Götaland, with 26.92 mm of precipitation but a lower soil moisture content than areas with similar precipitation amounts.
Connection between PCD, precipitation, and soil moisture
From comparisons of the PCDs, precipitation, and soil moisture between the flooded and non-flooded areas, several results can be seen in table B in supplementary material, although the small number of areas investigated decreases the validity of the results.
• Larger slope generates more flooding. The average in Värmland was 2.59% slope for the flooded catchments and 1.33% for the non-flooded. In Västra Götaland, the flooded catchments had 1.25% slope and the non-flooded 0.98%. • Greater drainage density generates more flooding. The flooded areas in Värmland had 19.9 m/ha in drainage density, which is 3.9 m/ha more than the non-flooded, while the flooded areas in Västra Götaland had 15.5 m/ ha, which is 2 m/ha more drainage density than the nonflooded.
• Larger catchment size might lead to more flooding, but this finding is uncertain as too few catchments were included. It applies for Värmland, but not Västra Göta-land in this case. • No conclusion can be drawn on the effect of soil type as all areas, flooded or non-flooded, in general, had glacial till or clay as the main soil type. The same applies for land use, where almost all catchments, both flooded and non-flooded, were characterized by forest.
• Precipitation is, on average, the same for flooded and non-flooded areas and smaller amounts of precipitation can still lead to flooding in some areas. • More precipitation gives higher soil moisture values in most cases, but this does not necessarily generate more flooding.
The precipitation amounts in Västra Götaland, and thus the relative soil moisture content, were low in the days before the flooding. These small amounts should not have saturated the soil before the increase in precipitation on the 19th that caused the flooding. However, depending on the soil type and other preconditions in the catchment, several days with precipitation might have an impact when the intense rainfall occurred, thus creating the flood.
Kristinehamn in Värmland had high relative soil moisture content, although somewhat lower precipitation, but a large area of impermeable surfaces and a lack of sufficient road drainage structures. This was most likely the reason for the flooding in this area. In several cases, the flooding may have been due to sediment and water impeding culverts rather than the amount of precipitation received. With clogging of culverts by sediment, the consequences of increased precipitation are more severe.
Discussion
Transport infrastructure damage and the role of drainage constructions (operation and maintenance)
Roads can have an impact on the connectivity of a catchment through induced effects on flow paths, runoff, sediment transport, and erosion . It is, therefore, essential to adapt road maintenance and planning to increased flows of water, but also to an increase in the number of roads that affect the natural flood patterns and act as a barrier.
It is important for adaptation and maintenance to prioritize and direct actions towards road sections that are at risk of flooding. Cost-effective protection against sediment and water movements is necessary to ensure a safe and resilient transport system. Altering the current dimensioning of drainage facilities, identified as one contributing factor to the flooding in Kristinehamn, would be a good way to start. It is also important to consider the whole water course and catchment, including all contributing culverts upstream, as was seen in Östra Ringvägen catchment, where several road-stream interactions were affected. Differences in dimensioning and maintenance of the drainage facilities might have had an impact, and clogging of culverts and small dimensions affected the flow in the entire catchment. It is thus essential to adapt the dimensioning to future changes, including land use and climate changes.
Furthermore, consideration should be given to the characteristics of the roads, as road material, drainage efficiency, construction practices, location, and age of the road all affect the flood risk. Soil moisture, temperature, slope, basin geology, and precipitation characteristics further enhance the risk. Older roads located at stream intersections in low-lying areas with medium slopes were identified as gathering the most sediment and thus have a higher risk of flooding.
With increased development of roads, more impacts are observed on water levels and flood extent, duration, and velocity. At the same time, the implementation of drainage structures to allow water to pass under the roads is essential, and it is also critical to identify and maintain current structures. Another option might be to increase the elevation of the roads and to create dikes that can protect the road infrastructure. Overall, the infrastructure network needs to be constructed to prevent damage and to minimize the effects of sediment and water reaching the roads and increasing the potential flood risk.
Remote-sensing soil moisture
Application difficulties and validating issues
Applying satellite soil moisture data in, e.g., flood prediction involves some scientific and technical challenges. For many small and medium-scale applications, the coarse resolution of 25-50 km of many of the soil moisture-specific satellites, like ASCAT and SMOS, may not be sufficient. The first challenge thus involves changing perceptions about the usefulness of these products and taking them into account . For example, studies by Brocca et al. (2012) show that soil moisture data from ASCAT can be efficiently employed in flood prediction for small and medium catchments, despite the coarse spatial resolution. The problem is to achieve higher spatial resolution while maintaining high temporal resolution. Disaggregation techniques that use external information to redistribute the soil moisture to a better spatial resolution are one promising approach (Kerr et al. 2010) . For example, the ASCAT product has been disaggregated from 25 to a 1-km product and studies have also disaggregated SMOS data (Merlin et al. 2006 (Merlin et al. , 2008 Piles et al. 2014) . The disaggregated 1-km soil moisture product from ASCAT is an important contribution to research, but the reliability of the results can be questioned. Values are only provided if there is a sufficient temporal correlation between regional and local backscatter. It is, therefore, usable for the spatial distribution, rather than temporal dynamics, as it uses static parameters. For this study, there were no available measurements for Västra Götaland, which restricted the use.
However, the long-term availability of data also has an important role, and from an application viewpoint, the high temporal resolution of these sensors is a great advantage, although a temporal resolution of 1.5 days means that the measurements can be made in the morning 1 day and in the evening another day. This affects the results, as, for example, evaporation during the day changes the values. However, with sufficient precipitation data available, this can be taken into account.
A general problem for remote-sensing data is the presence of vegetation and the seasonal variability, and in cases of dense canopies, the soil moisture data retrieval will be less accurate. Surface roughness has an impact, topography affects the angular measurements, snow and frozen soils induce some signals, and urban areas are not fully assessed considering their emissivity (Kerr et al. 2010) . For the SMOS satellite, the influence of radio frequency interferences (RFI) can also have an impact on the retrieval outcome (Albergel et al. 2012; Kerr et al. 2010; Pierdicca et al. 2013 ). Another obstacle is that the presence of water within a measured pixel must be known to get acceptable accuracy, although water is variable and can change due to seasons, weather conditions, and human activity (Kerr et al. 2010) . Open water, with no disturbance of wind that generates roughness, acts like a mirror where no backscatter signal is generated, which is good for the retrieval of soil moisture values . If the water area is small compared with the area of the scatterometer footprint, it should not impact the retrieval of soil moisture data. However, in areas with large amounts of water, the soil moisture values will be affected (Bartalis et al. 2008) .
Furthermore, problems with validating different studies are a consequence due to lack of practice and standards when handling satellite data and there are no agreed values for retrieval errors. This, in turn, causes problems for users when deciding which data are most suitable for a specific application. Currently, available remote-sensing measurements of soil moisture can, for example, only measure the top surface layer and some applications may require information about the entire unsaturated zone. If root zone soil moisture is required to a depth of 1-1.5 m, satellite data are not sufficient. For observations of root zone soil moisture, the SWI (Soil Wetness Index) can instead be applied (Brocca et al. 2010 ). Using even lower frequencies could be an approach, but the spatial resolution would then be inappropriate and reduce the usability. Another indirect method could be the assimilation of ground surface measurements and simulations (Kerr et al. 2010; Wagner et al. 2013) .
Validation of the results obtained by remote sensing is challenging. First, issues with sensing depth and scaling properties impede the interpretation. Second, soil moisture is a parameter that is highly variable in time and space, thus creating difficulties in comparing the irregular satellite measurements with reference data. Crow et al. (2012) discuss the issue of lack of reference data that represent the same physical quantity as the satellite measurements. Problems with ground measurements compared with satellites include differences in spatial resolution; for example, 50 km compared with point measurements, and the measuring depth, as an installed probe measures at a greater depth than 5 cm. Modeled soil moisture data are also uncertain, as parameters like precipitation and soil properties affect the outcome. The correlation between satellite measurements, models, and in situ data can, therefore, be low. However, this does not mean that the satellite data are poor, but would rather depend on unrepresentative in situ data for large areas, or poor quality of the modeled data. The uncertainty factor in comparing and validating the results is thus an issue. Nevertheless, several validation studies and comparisons between ASCAT and SMOS have been performed and show good correlation (Albergel et al. 2012; Fascetti et al. 2014; Lacava et al. 2012; Leroux et al. 2014; Parrens et al. 2012; Pierdicca et al. 2013 ).
Soil moisture data retrieval from satellite data
Soil moisture has a high variability depending on scale and depth, particularly that in the top surface layer which is measured by remote-sensing techniques, as the top soil layer is affected by evaporation, vertical and lateral redistribution, topography on microscale, and varying soil properties (Wagner et al. 1999a, b) . Including soil moisture can thus be problematic. Nevertheless, as soil moisture is fundamental in the infiltration process within a catchment, the assimilation of soil moisture data into runoff prediction models can highly improve the estimations.
In contrast to the conventional measurement methods, the use of remote sensing in estimating soil moisture content has the advantage that observations can be retrieved over a large area in a short time. The spatial distribution and frequency of the satellites enables daily to sub-daily measurement and, with the development of near real-time retrievals, the capabilities for high-quality soil moisture values are increasing.
The launch of specific soil moisture satellites, such as the SMOS satellite and the Soil Moisture Active Passive (SMAP) mission in 2015, with 36-km spatial resolution and 2-day temporal resolution, demonstrates the importance of 533 Page 14 of 17 including soil moisture data. Other satellites under development are the FengYun-3 and the WindSat Polarimetric Radiometer, which are being employed for soil moisture (Brocca et al. 2017) . One promising option is the Sentinel-1 satellite, an SAR system with high-resolution C-band data. The fine spatial resolution of 5-20 m provides an attractive option for hydrological measurements at the catchment scale, and the temporal resolution is 6 days. Several studies have examined the use of Sentinel-1 data for retrieving soil moisture data, and the results indicate that there is high potential for global monitoring of surface soil moisture Hornacek et al. 2012; Petropoulos et al. 2015; Wagner et al. 2009 ). However, the launch of the Sentinel-1 mission was in April 2014, with full functionality in September 2014, and was thus not applicable to this study.
Flood forecasting
Soil moisture content is an important parameter in flood prediction models and will most likely be included in several future studies. SMHI is currently developing research into flood risks in cities and high-resolution radar precipitation data are part of this project (SMHI 2017b) . The goal is to use the precipitation observations in real time to calculate the current soil moisture locally, and connect this to a detailed, high-resolution hydrological model. In this way, information on how water from a downpour flows when it reaches the surface in cities can be assessed, allowing prediction of fast increases in the flow after heavy precipitation events. Developing the use of high-resolution precipitation data and inclusion of several other parameters that have been identified as contributing factors to flooding is interesting considering the predicted increase in heavy precipitation and paved urban areas in the future.
Conclusions
This study tested different satellites to obtain soil moisture data. The results of analyzing PCDs, precipitation, and soil moisture show that larger slopes and drainage density, in general, mean higher risk of flooding. Larger catchments might have an enhanced risk of flooding, but the result is uncertain as more locations should be investigated for a more validated result. No conclusion can be drawn from the soil type or land use, as it varies between the flooded areas. The precipitation is the same; however, it can be concluded that more precipitation in most cases gives higher soil moisture values. The lack, or the dimensioning, of road drainage structures seems to have a large impact on the flood risk as more sediment and water can be accumulated at the roadstream intersection.
Some factors that affected the results:
Neither the ASCAT 1 km relative soil moisture data nor the radar precipitation data were calculated for each catchment in Värmland and Västra Götaland. For enhanced results, this should be performed. The limited information about the location of culverts smaller than 2 m in Sweden is a limitation to investigations like this. Good knowledge about how water and sediment move within a catchment in relation to the road infrastructure is essential for flood prediction.
However, several possibilities with the methods are identified. The use of satellite data creates abilities to measure soil moisture at a global scale and with less time needed. There is no need for time-consuming ground measurements and it decreases the costs of measuring. The near real-time possibilities of satellite data open the way for investigations of, e.g., soil moisture only a few hours after the measurements, which is an important factor when working with forecasting and prevention of flooding. The spatial and temporal consistency of satellite sensors creates huge potential for retrieving reliable soil moisture values. Further development of satellites with a better resolution and enhanced abilities to measure soil moisture characteristics will increase the quality of input data. Analysis of patterns of dynamic soil moisture will be enhanced with better spatial and temporal resolution and thus lead to more accurate results.
